Introduction
Animals modify their behavior and development in response to changing external and internal conditions. These adaptive changes are mediated by changes in the functions of individual organs and cells, and ultimately, by changes in the expression of individual genes. Gene regulatory regions must, therefore, integrate information from multiple signaling pathways so as to fine-tune the spatiotemporal levels of gene expression (Wyrick and Young, 2002; Cases and de Lorenzo, 2005) .
The Caenorhabditis elegans sensory nervous system provides an excellent system in which to explore the mechanisms by which developmental and environmental signals converge to regulate gene expression. Unlike vertebrate and Drosophila olfactory neurons, each chemosensory neuron in C. elegans expresses multiple G protein-coupled chemoreceptor (CR) genes, each of which may respond to distinct subsets of chemicals . We and others have shown that regulation of CR gene expression is complex, such that in addition to developmental pathways, distinct subsets of CR genes are regulated by levels of a constitutively produced pheromone, food and neuronal activity Peckol et al, 2001; Lanjuin and Sengupta, 2002; Nolan et al, 2002; Tobin et al, 2002) . How information from these pathways is integrated to modulate levels of CR gene expression is not known.
A family of proteins implicated in the regulation of gene expression in response to external signals is the AMPK/SNF1 family of Ser/Thr kinases. AMPK/SNF1 kinases play major roles in regulating cellular and whole-body energy homeostasis via activation and repression of key metabolic genes in response to cellular and pathological stress (Kahn et al, 2005; Kim and Lee, 2005) . The salt-inducible kinases (SIKs) are members of this kinase family and, as implied by their name, were originally identified as kinases upregulated in adrenocortical cells in rats fed on high-salt diets (Wang et al, 1999) . SIKs are also upregulated in response to ACTH signaling, and depolarization and kainate-induced seizures in adrenocortical tumor cells and in the nervous system, respectively (Feldman et al, 2000; Okamoto et al, 2004) . Recently, SIK1 has also been shown to be upregulated in mouse primary hepatocytes upon fasting, and SIK and AMPK play critical roles in the regulation of hepatic gluconeogenic gene expression in response to fasting and feeding (Koo et al, 2005) . SIK activity is further promoted by phosphorylation by upstream kinases, such as LKB1 (Lizcano et al, 2004) . However, although SIKs are expressed in multiple cell types including neurons, their roles and targets in most tissue types have not been identified.
The MEF2 class of MADS domain transcription factors also plays an essential role in the regulation of gene expression in response to environmental signals in multiple cell types. In muscles, MEF2 regulates the expression of fiber type-specific genes in response to altered patterns of electrical stimulation (Wu et al, 2000; Liu et al, 2005) , whereas MEF2 is critical for activity-dependent survival of cultured post-mitotic neurons Li et al, 2001; Gaudilliere et al, 2002) . Recently, MEF2 has also been shown to regulate synapse number in response to activity in cultured hippocampal and cerebellar granule neurons (Flavell et al, 2006; Shalizi et al, 2006) . The gene regulatory functions of MEF2 are extensively modulated via interaction with different proteins in different cell types and via cell-specific post-translational mechanisms (McKinsey et al, 2002; Heidenreich and Linseman, 2004; Flavell et al, 2006; Gregoire et al, 2006; Riquelme et al, 2006; Shalizi et al, 2006) . In particular, MEF2 interacts directly with class II histone deacetylases (HDACs) to repress gene expression (Lu et al, 2000b) . Although multiple kinases have been implicated in the regulation of MEF2/HDAC functions, the role of AMPK family members in MEF2/HDACmediated gene expression has been suggested only in skeletal muscle in response to exercise via as yet uncharacterized mechanisms (Al-Khalili et al, 2004; Holmes et al, 2005; McGee and Hargreaves, 2006) .
We previously showed that the C. elegans mutant for the SIK homolog kin-29 exhibits phenotypes consistent with defects in the acquisition and transduction of sensory information (Lanjuin and Sengupta, 2002) . In kin-29 mutants, the expression of a subset of CR genes is altered, and animals exhibit reduced body size and deregulated entry into the alternate dauer developmental stage (Lanjuin and Sengupta, 2002; Maduzia et al, 2005) . All examined kin-29 phenotypes could be rescued by expression of kin-29 in chemosensory neurons alone, leading us to suggest that misregulation of CR gene expression in kin-29 mutants was causal to the observed physiological abnormalities. Here, we show that KIN-29 acts by antagonizing the gene repressive functions of the C. elegans MEF2 ortholog MEF-2 and the class II HDAC protein HDA-4 in chemosensory neurons. We show that phosphorylation of HDA-4 by KIN-29 is essential for alleviation of repression, and that constitutive Ca 2 þ signaling partly bypasses the requirement for KIN-29 in this pathway. We demonstrate that MEF-2 interacts directly with a cis-regulatory element in a KIN-29-regulated CR gene promoter, but is not required to promote CR gene expression. Finally, we show that the calcineurin Ser/Thr phosphatase antagonizes the KIN-29 pathway. Taken together, our results identify an SIK family member as a new regulator of MEF2/HDAC functions in the nervous system, and provide insights into the complexity of signaling pathways that regulate CR gene expression in C. elegans.
Results
Mutations in mef-2 and hda-4 suppress the kin-29 phenotype of downregulated CR gene expression To identify the mechanisms by which KIN-29 regulates CR gene expression, we carried out a suppressor screen. Expression of the str-1 and sra-6 CR genes is reduced, although not abolished, in kin-29 mutants in the AWB and ASH chemosensory neurons, respectively (Lanjuin and Sengupta, 2002) . kin-29(oy39) missense mutants carrying stably integrated copies of a str-1Hgfp fusion gene were mutagenized and mutants isolated in which expression of str-1Hgfp in the AWB neurons was restored to wild-type levels ( Figure 1A -E). Subsequent mapping and complementation experiments indicated that a subset of the identified alleles defined two complementation groups representing the mef-2 transcription factor and the hda-4 class II histone deactelyase (HDAC) genes (Dichoso et al, 2000; Choi et al, 2002) (Figure 1F ). oy63 and oy65 are predicted to result in missense mutations in highly conserved amino acids in the conserved DNA-binding MADS box domain of MEF-2 ( Figure 1F ). The mef-2(gv1) allele (Dichoso et al, 2000) removes most of the MADS and MEF domains that are required for MEF-2 function, and is likely a null allele ( Figure 1F ). oy59 results in a premature stop codon in the first exon of hda-4, whereas the spontaneously arising oy57 suppressor allele is a point mutation in the splice acceptor site of the sixth exon, which is predicted to result in a truncated HDA-4 protein lacking the HDAC domain ( Figure 1F ). The hda-4(ok518) deletion allele was obtained from the C. elegans Gene Knockout Consortium. Sequences encoding part of the HDAC domain are deleted in hda-4(ok518) ( Figure 1F ).
We further characterized the CR gene expression phenotypes of mef-2 and hda-4 mutants. Mutations in hda-4 and mef-2 suppressed the downregulation of str-1Hgfp expression in both the kin-29(oy39) missense and the kin-29(oy38) null background at all developmental stages, although no gross effects were observed on str-1Hgfp expression in a wild-type background (Table I) . However, hda-4(ok518) failed to suppress the str-1Hgfp expression phenotype in kin-29 mutant animals. It is likely that hda-4(ok518) is a hypomorph, as the str-1Hgfp expression phenotype of kin-29(oy38) mutants was fully suppressed in hda-4(oy57)/hda-4(ok518) transheterozygotes (Table I) . Mutations in mef-2 and hda-4 also fully suppressed the downregulation of expression of sra-6Hgfp in the ASH neurons of kin-29 mutants (Table I ), indicating that MEF-2 and HDA-4 regulate the expression of multiple CR genes in different sensory neuron subtypes. Suppression of the str-1Hgfp expression phenotype was abolished upon introduction of hda-4 or mef-2 genomic sequences into kin-29 hda-4 or mef-2; kin-29 double mutants, respectively (Table I ). The observed effects on transgene expression were confirmed by semiquantitative RT-PCR, which showed that levels of endogenous str-1 message were comparable among mef-2; kin-29 and kin-29 hda-4 double mutants and wild-type animals, but significantly reduced, although not abolished, in kin-29 mutants or in animals mutant for the LIM homeobox gene lim-4 required for specification of AWB fate (Figure 1E ).
To determine whether loss of HDA-4 function at any developmental stage is sufficient to upregulate str-1Hgfp expression in kin-29 mutants, we fed late larval stage kin-29 mutant animals with bacteria expressing hda-4 dsRNA. Downregulation of hda-4 by RNAi at late larval stages led to partial suppression of the str-1Hgfp expression phenotype in adults ( Table I ), indicating that HDA-4 is required through adulthood to modulate CR gene expression.
Additional phenotypes of kin-29 mutants are also suppressed by mutations in mef-2 and hda-4 In addition to altered CR gene expression, kin-29 mutants exhibit a small body size and hypersensitivity to the constitutively produced dauer pheromone, such that they inappropriately enter the dauer stage at low pheromone concentrations (Lanjuin and Sengupta, 2002; Maduzia et al, 2005) . However, kin-29 hda-4 and mef-2; kin-29 double mutants exhibited body lengths that were not significantly different from those of wild-type animals (Figure 2A ), indicating that mutations in hda-4 and mef-2 suppress the decreased body length phenotype of kin-29 mutants. Interestingly, similar to kin-29 mutants, mef-2 single mutants were significantly smaller in body length than wild-type animals (Dichoso et al, 2000) , whereas hda-4 single mutants were slightly thinner than wild-type animals, but exhibited normal body length (Figure 2A ). Mutations in hda-4 and mef-2 also fully suppressed the pheromone hypersensitivity phenotype of kin-29 mutants, but did not result in pheromone hypersensitivity on their own ( Figure 2B ). hda-4(ok518) only partly suppressed the body length and pheromone hypersensitivity phenotypes of kin-29(oy39) mutants, and failed to suppress the phenotypes of kin-29(oy38) animals (data not shown). These results suggest that KIN-29 acts by antagonizing the functions of MEF-2 and HDA-4 in the regulation of CR gene expression, body size and dauer pheromone hypersensitivity.
MEF-2 and HDA-4 act in the chemosensory neurons to suppress all kin-29 phenotypes Previous reports indicated that MEF-2 and HDA-4 proteins were broadly expressed in multiple cell types (Dichoso et al, 2000; Choi et al, 2002) . To determine whether MEF-2 and HDA-4 were expressed in the AWB and ASH chemosensory neurons, we generated gfp-tagged mef-2 and hda-4 genomic constructs. These constructs fully rescued the mef-2-and hda-4-mediated suppression, respectively, of CRHgfp gene expression and body size phenotypes of kin-29 mutants (Table I and Figure 2A ). GFP was localized to the nuclei of multiple sensory (including the AWB and ASH chemosensory) and non-sensory neurons, as well as in non-neuronal cells (data not shown). Nuclear localization was observed at all developmental stages, including the dauer stage and under different environmental conditions, including exposure to high concentrations of pheromone, absence of food and heat stress.
We previously showed that KIN-29 acts cell-autonomously to regulate CR gene expression and non-cell-autonomously in chemosensory neurons to regulate body size and entry into the dauer stage (Lanjuin and Sengupta, 2002) . We explored the site(s) of action of MEF-2 and HDA-4 by expressing mef-2 and hda-4 cDNAs specifically in different cell types using celland tissue-specific promoters and assaying for loss of suppression of kin-29 mutant phenotypes. Expression of mef-2 and hda-4 in the AWB neurons under the lim-4 or srd-23 (Colosimo et al, 2004) promoters resulted in reduced str-1Hgfp expression levels similar to those observed in kin-29 single mutants, but did not lead to decreased body length (Table I and Figure 2A ). However, expression of both genes under the pan-neural unc-14 promoter (Ogura et al, 1997) or the odr-4 promoter, which drive expression in most chemosensory neurons (Dwyer et al, 1998) , was sufficient to result in loss of suppression of other kin-29 phenotypes (Table I and Figure 2 ). These results indicate that similar to KIN-29, expression of MEF-2 and HDA-4 in the AWB neurons is sufficient to regulate CR gene expression, whereas expression in the chemosensory neurons is sufficient to regulate body size and entry into the dauer stage. Chawla Linseman et al, 2003) . Mutations of two CaMK phosphorylation sites in HDAC5 have been shown to result in increased nuclear localization and constitutive repression of gene expression McKinsey et al, 2000a, b) . Alignment of HDA-4 sequences with those of class II HDACs identified S198 in HDA-4 as analogously located to the CaMK target S259 residue in mammalian HDAC5 ( Figure 3A ), although no residue analogous to the S498 target amino acid could be definitively identified (data not shown).
We generated full-length genomic hda-4 genes encoding either wild-type HDA-4 or HDA-4(S198A) driven under the hda-4 promoter. Introduction of either wild-type HDA-4 or HDA-4(S198A) fully abolished the suppression of str-1Hgfp expression phenotype in kin-29 hda-4 mutants ( Table II) , indicating that the HDA-4(S198A) mutant protein was capable of rescuing the hda-4 mutant phenotype. However, we observed significant downregulation of str-1Hgfp expression upon introduction of HDA-4(S198A), but not wild-type HDA-4, into wild-type or hda-4(oy57) animals (Table II) . Both wildtype and HDA-4(S198A) retained nuclear localization in wild-type and kin-29 mutant backgrounds (data not shown). These results suggest that phosphorylation of HDA-4 at S198 may be required to alleviate HDA-4-mediated repression of str-1Hgfp gene expression, and that HDA-4(S198A) acts dominantly to repress str-1Hgfp expression.
The consensus motif for SIK phosphorylation has been determined (Horike et al, 2003; Screaton et al, 2004) . In HDAC5, this motif is identical to the motif targeted by CaMKs Screaton et al, 2004) , and SIK2 can phosphorylate HDAC5 at this site in vitro (Screaton et al, 2004) . We explored whether KIN-29 can also directly phosphorylate HDA-4. Functional GFP-tagged KIN-29 was immunoprecipitated from worm extracts with anti-GFP antibodies and incubated with bacterially purified HDA-4 peptides in the presence of [g-32 P]ATP. As shown previously, KIN-29 undergoes autophosphorylation at an unidentified site(s) (Maduzia et al, 2005 ) ( Figure 3B ). We also observed phosphorylation of HDA-4 by KIN-29. Consistent with the genetic data presented above, phosphorylation of HDA-4 was abrogated by the S198A mutation ( Figure 3B ). We did not detect phosphorylation of bacterially produced MEF-2 under similar conditions (data not shown). These results suggest that KIN-29 may directly target HDA-4 at the S198 residue.
Constitutive Ca
2 þ signaling can partly bypass the requirement for KIN-29 in the regulation of CR gene expression As Ca 2 þ signaling has been shown to regulate MEF2/HDAC functions, we explored the possibility that Ca 2 þ signaling also plays a role in regulating str-1 expression via the KIN-29/ MEF-2/HDA-4-mediated pathway. Loss-of-function mutations in the voltage-gated Ca 2 þ channel genes unc-36 and egl-19 (Schafer et al, 1996; Lee et al, 1997) , and the unc-43 CaMKII gene (Reiner et al, 1999) did not result in altered str-1Hgfp expression in either wild-type or kin-29 mutant backgrounds (Table III) . However, a unc-43(gf) and egl-19(gf) allele partially suppressed the str-1Hgfp gene expression phenotype in kin-29 mutants (Table III) . No gross alterations were observed in str-1Hgfp gene expression in a wild-type background. The gf mutation in unc-43 is predicted to result in a Ca 2 þ -independent, constitutively activated CaMKII enzyme (Reiner et al, 1999) , whereas the gf mutation in egl-19 is Adult animals grown at 201C were examined. Shown are the percentages of animals expressing str-1Hgfp or sra-6Hgfp in at least one AWB or ASH neuron, respectively, at wild-type levels ( Â 50 magnification). P-values were determined using a twosample t-test between proportions. Only significant differences (Po0.001), compared to wild type unless indicated otherwise, are shown. a For strains carrying extrachromosomal arrays, data shown are the averages of two or more independent transgenic lines. All strains carry integrated copies of str-1Hgfp or sra-6Hgfp. b Animals were fed with bacteria expressing hda-4 dsRNA, starting at the L4 larval stage, and str-1Hgfp expression was examined 24 h later. c Data compared to kin-29(oy38).
predicted to prolong depolarization and result in sustained Ca 2 þ influx (Lee et al, 1997) . Interestingly, unlike in mef-2; kin-29 or kin-29 hda-4 double mutants, in which upregulation of str-1Hgfp expression was evident at all developmental stages, upregulation of gene expression was observed primarily at later larval stages and in adults (1% of L1, 21% of L2, 67% of L3 and 82% of unc-43(gf); kin-29(oy39) L4 larvae and adults exhibited stronger str-1Hgfp expression; n ¼ 100). Moreover, unc-43(gf) failed to suppress the dauer pheromone hypersensitivity phenotype and the sra-6Hgfp expression downregulation phenotype of kin-29 mutants (Supplementary Table 2 ). These results indicate that increased or constitutive Ca 2 þ signaling is able to partially bypass the requirement for a subset of KIN-29 functions in a subset of cells at later developmental stages. HDA-4(S198A) reduced the unc-43(gf)-mediated upregulation of str-1Hgfp expression in kin-29 mutants (Table III) , suggesting, but not proving, that constitutively activated UNC-43 may bypass KIN-29 by phosphorylating HDA-4 at the S198 residue.
Calcineurin acts in parallel to the KIN-29-regulated pathway to modulate CR gene expression
The Ca 2 þ -dependent Ser/Thr phosphatase calcineurin dephosphorylates and antagonizes SIK-mediated phosphorylation of the CREB coactivator TORC2 in the regulation of gene expression in cultured cells (Screaton et al, 2004) . Calcineurin also activates MEF2 via desphosphorylation of a specific residue, coupled with suppression of sumoylation at a neighboring residue (Mao and Wiedmann, 1999; Wu et al, 2001; Gregoire et al, 2006; Kang et al, 2006; Shalizi et al, 2006) . To determine the role of calcineurin in KIN-29/MEF-2-regulated CR gene expression, we examined str-1Hgfp expression in animals mutant for the cnb-1 calcineurin regulatory and the tax-6 calcineurin catalytic subunit genes (Bandyopadhyay et al, 2002; Kuhara et al, 2002) . However, lf mutations in either gene did not affect str-1Hgfp expression (Table IV) . We next determined whether mutations in tax-6/ cnb-1 could bypass the requirement for KIN-29 in the regulation of str-1Hgfp expression. lf mutations in both tax-6 and (A, B) Body lengths (A) and dauer pheromone hypersensitivity (B) of animals of the indicated genotypes. Alleles used were kin-29(oy38), kin-29(oy39), mef-2(gv1), mef-2(oy65) and hda-4(oy57). No significant differences were observed between animals carrying different alleles of a gene. For strains carrying extrachromosomal arrays, data shown are the average of two or more independent transgenic lines, which were not significantly different from each other using a two-sample t-test. For dauer assays, data shown are from a single experiment with all strains assayed in parallel, with the exception of strains carrying transgenic arrays. These were tested independently together with animals that have lost the array as an internal control. All strains contain stably integrated str-1Hgfp fusion genes. Error bars denote the s. Table IV) , suggesting that calcineurin antagonizes KIN-29 to regulate CR gene expression. Calcineurin targets the S408/S444 residue in MEF2A/D for dephosphorylation, which, in turn, has been shown to be targeted for phosphorylation by the CDK5 Ser/Thr kinase (Gong et al, 2003; Flavell et al, 2006; Shalizi et al, 2006) . Mutation of the corresponding conserved residue (S321) in MEF-2, or lf mutations in the cdk-5 ortholog, did not affect MEF-2 functions (Table IV) , suggesting that calcineurin may target another site in MEF-2 or target alternate regulatory proteins.
As sumoylation has also been implicated in the regulation of MEF2 function, we next determined whether sumoylation plays a role in modulating MEF-2 activity. The residue targeted for sumoylation in MEF2 proteins is conserved in MEF-2. However, an MEF-2(K316R) mutation did not affect str-1Hgfp expression in wild-type animals, and fully rescued the mef-2-mediated suppression of the str-1Hgfp expression phenotype in kin-29 mutants (Table IV) . Consistent with this result, lf mutations in smo-1, the sole SUMO ortholog encoded by the C. elegans genome (Broday et al, 2004) , also did not alter str-1Hgfp expression levels (Table IV) . This result suggests that sumoylation does not play a major role in this gene regulatory process.
MEF-2 directly binds CR upstream regulatory sequences to regulate gene expression
We determined whether MEF-2 regulates CR gene expression directly or indirectly, by carrying out a deletion analysis of the str-1 upstream regulatory sequences to define KIN-29-and MEF-2-regulated sites ( Figure 4A ). Previously, 1.8 kb of str-1 upstream sequences were shown to drive KIN-29-regulated gfp expression in the AWB neurons (Troemel et al, 1997; Lanjuin and Sengupta, 2002) . We narrowed the required minimal sequences to 593 bp upstream of the start codon. Further deletion analyses within these minimal sequences defined two regions required for correct regulation of str-1Hgfp expression. Although B200 bp sequences upstream of the start codon drove gfp expression in the AWB neurons, expression driven by these sequences was no longer regulated by KIN-29 ( Figure 4A ). Deletion of a 29 bp sequence located À237 to À208 relative to the start codon also fully abolished KIN-29-mediated regulation of expression in the context of either the 1.8 kb or the 593 bp minimal str-1 regulatory sequences ( Figure 4A ). These results suggest that the element required for activation of str-1Hgfp expression in the AWB neurons is distinct from the element required for KIN-29-mediated modulation of gene expression.
Target sequences recognized by MEF2 family members, including C. elegans MEF-2, have been well characterized (Gossett et al, 1989; Pollock and Treisman, 1991; Dichoso et al, 2000) . We identified a site related to the MEF-2-binding element within the 29 bp sequence required for KIN-29-mediated regulation of str-1Hgfp expression. Mutating the core of the MEF-2-binding site alone resulted in upregulation Adult animals grown at 201C were examined. Shown are the percentages of animals expressing str-1Hgfp in at least one AWB neuron at wild-type levels ( Â 50 magnification). P-values were determined using a two-sample t-test between proportions. Only significant differences (Po0.001), compared to wild type, are shown. a All strains contain stably integrated str-1Hgfp fusion genes. For strains carrying extrachromosomal arrays, data shown are the averages of two or more independent transgenic lines. All hda-4 genomic sequences are tagged with gfp coding sequences. of str-1Hgfp expression levels in kin-29 mutants ( Figure 4B ). Sequence analysis of the B3.5 kb sra-6 upstream regulatory sequences also identified a single predicted MEF-2-binding element, which, when deleted, resulted in upregulation of sra-6Hgfp expression in kin-29 mutants (Supplementary Figure 1) . No effect was observed on str-1Hgfp or sra-6Hgfp expression upon mutation of the predicted MEF-2 site in a wild-type background. To confirm that MEF-2 directly regulates str-1 expression, we carried out an electrophoretic mobility shift assay (EMSA) using epitope-tagged MEF-2 protein and the MEF-2 recognition site derived from str-1 upstream sequences. MEF-2 specifically bound these sequences in vitro, as evidenced by the retarded mobility of the DNA-protein complex ( Figure 4C ). No binding was observed to a mutated MEF-2-binding site. These results suggest that MEF-2 directly binds CR gene regulatory sequences to modulate gene expression.
Insertion of MEF-2-binding site sequences is sufficient to confer KIN-29-mediated regulation on CR genes
We had previously shown that expression of only a subset of CR genes was altered in kin-29 mutants (Lanjuin and Sengupta, 2002) . In recent work, we identified additional CR genes expressed in the AWB and other chemosensory neurons (Colosimo et al, 2004) . However, expression of srsx-3, srd-23 and sru-38 CRHgfp fusion genes was unaltered in kin-29(oy38) animals, and we did not identify predicted MEF-2-binding elements in their upstream regulatory sequences ( Figure 5A and C, Supplementary Table 1) . We wondered whether insertion of an MEF-2-binding site into CR gene regulatory sequences would be sufficient to confer KIN-29-mediated regulation of gene expression. As the element necessary to drive expression in the AWB neurons and the MEF-2 recognition element were located in close proximity in the str-1 regulatory sequences, we inserted a 26 bp sequence containing the predicted MEF-2-binding site derived from str-1 into the regulatory sequences of the srsx-3 gene in close proximity to an element identified as necessary to drive expression in the AWB and AWC neurons (Nokes et al, in preparation) ( Figure 5B ). Insertion of these sequences resulted in significant downregulation of gfp expression in both the AWB and AWC neurons in a kin-29 mutant background ( Figure 5B and C). This downregulation was suppressed in mef-2; kin-29 double mutants ( Figure 5C ). However, insertion of the MEF-2 sequences further upstream failed to confer KIN-29-mediated regulation of expression ( Figure 5C ). These results indicate that the identified MEF-2-binding site is both necessary and sufficient to confer KIN-29-mediated regulation onto CR genes, but that the relative location of this site with respect to additional regulatory sites is likely to be critical for this regulation.
Identification of additional KIN-29/MEF-2-regulated CR genes
To identify additional KIN-29/MEF-2-regulated CR genes, we searched the genome for candidate CRs that contain a predicted MEF-2-binding site, as well as a cell-specific regulatory element in close proximity. Although elements driving gene expression in specific chemosensory neuron types are largely unknown, recently, an E-box motif was identified as being necessary to drive CR gene expression in the ADL chemosensory neurons (McCarroll et al, 2005) . However, none of the identified ADL-expressed CR genes contained the predicted MEF-2-binding sites in their upstream regulatory sequences, and were not regulated by KIN-29 (Supplementary Table 1 ). We identified three additional CR genes (srh-60, srz-24, srh-234) that contained the E-box motif as well as a single predicted MEF-2-binding site in their upstream regulatory sequences. The E-box and the predicted MEF-2 site were located in close proximity upstream of the srz-24 and srh-234, but not of the srh-60 genes (Supplementary Table 1 ). All three gene regulatory sequences drove gfp expression in the ADL neurons ( Figure 5D and Supplementary Table 1) . Expression driven by the srh-234 but not the srz-24 or srh-60 regulatory sequences was strongly downregulated in kin-29 mutants ( Figure 5D and E and Supplementary Table 1 ). This downregulation of expression was fully suppressed by mutations in mef-2 ( Figure 5E ). These results further suggest that the location of the predicted MEF-2 site relative to other regulatory elements is one important parameter conferring KIN-29/MEF-2-mediated regulation of gene expression onto CR genes.
Discussion
The KIN-29 SIK regulates gene expression via MEF-2/HDAC Results presented in this work indicate that the KIN-29 SIK targets the HDA-4 class II HDAC for phosphorylation, and Holmes et al, 2005) , to our knowledge, this work is the first to demonstrate that an SIK regulates MEF2/HDAC functions in the nervous system, and that this regulation is biologically relevant in vivo. KIN-29 may target HDA-4 at the S198 residue, and an HDA-4(S198A) mutation results in constitutive repression of CR gene expression. Thus, we suggest that in kin-29 mutants, HDA-4 is constitutively dephosphorylated, resulting in localized chromatin condensation (reviewed in Yang and Gregoire, 2005) (Figure 6A and B) . This alteration may prevent activation of gene expression by protein(s) binding to sites located in close proximity, such as activators required to drive str-1 expression in the AWB neurons. Figure 4 MEF-2 binds directly to str-1 regulatory sequences to regulate gene expression. (A) Expression of gfp driven by the indicated str-1 regulatory sequences in wild-type and kin-29(oy38) mutant animals. Numbers shown are the average of at least two independent transgenic lines carrying each construct. Animals were examined at Â 50 magnification. Double asterisks denote values different from wild type at Po0.001 using a two-sample t-test between proportions. (B) A predicted MEF-2-binding site is in bold. Mutations generated in this site are underlined. Numbers shown are the average of two independent transgenic lines carrying the mutated MEF-2 site introduced into the 593 bp str-1 promoter. Animals were examined at Â 50 magnification. Double asterisks denote values different from wild type at Po0.001 using a twosample t-test between proportions. (C) The interaction of bacterially expressed GST-MEF-2 fusion protein with a predicted MEF-2-binding site from the str-1 promoter was examined using EMSA. Two strongly shifted bands are shown (arrowheads), presumably representing homodimeric or oligomeric complexes, as described previously (Dichoso et al, 2000) . Concentrations of sequences used are as follows:
cytoplasmic sequestering (Screaton et al, 2004; Koo et al, 2005) . Unlike in other cultured cell types, we did not observe phosphorylation state-dependent nucleoplasmic shuttling of either HDA-4 or MEF-2. Similarly, we also observed cytoplasmic localization of KIN-29 under all conditions examined (Lanjuin and Sengupta, 2002) . Thus, although in both cases we are unable to exclude transient shuttling events or shuttling of a subset of molecules, it remains formally possible that KIN-29 acts via a downstream kinase. This kinase is unlikely to be solely UNC-43 CaMKII, as lf mutations in unc-43 have no effects on CR gene expression.
Our results also reveal a new role of MEF2 proteins in the regulation of gene expression. In neurons and other cell types, phosphorylation of class II HDACs has been shown to result in the dissociation of HDACs from MEF2, thereby allowing MEF2 to promote gene expression in association with transcriptional coactivators . However, we did not detect a requirement for MEF-2 in the positive regulation of CR gene expression, such that levels of str-1 expression are not appreciably altered in an mef-2 mutant background. MEF-2 and HDA-4 have been shown to physically interact (Choi et al, 2002) , and we find that mutations in these genes act similarly to suppress kin-29 phenotypes. Thus, MEF-2 and HDA-4 likely act in a complex to regulate str-1 gene expression. These observations suggest that in the absence of KIN-29 function, direct DNA binding by MEF-2 may be required to recruit HDA-4 to the str-1 regulatory sequences, but that unlike in other systems, MEF-2 is not itself required to drive str-1 expression.
What is the role of calcineurin in the regulation of CR gene expression via KIN-29/MEF-2? In cultured cells, calcineurin antagonizes SIK to regulate TORC2 function by regulating its subcellular localization (Screaton et al, 2004) . Thus, the balance between phosphorylation and dephosphorylation of TORC2 by SIK and calcineurin, respectively, regulates the gene activation properties of TORC2. A similar mechanism may operate in the regulation of CR gene expression by the KIN-29 pathway ( Figure 6C ). In this case, phosphorylation of the MEF-2/HDA-4 complex results in gene expression, whereas dephosphorylation results in repression. In the simplest model, we suggest that the MEF-2/HDA-4 complex is targeted by KIN-29 as well as by an additional kinase(s) such as UNC-43 CaMKII, leading to inhibition of its repressive functions. In the absence of KIN-29-mediated phosphorylation, but in the presence of calcineurin, the MEF-2/ HDA-4 complex represses gene expression. Loss of calcineurin function may partly compensate for the decreased levels of phosphorylation in kin-29 mutants to alleviate this repression, thereby leading to partial suppression of the kin-29 mutant phenotype. The site(s) targeted by calcineurin in the MEF-2/HDA-4 complex in the AWB neurons is not yet known.
Multiple cis-regulatory elements drive correct levels of CR gene expression
In this analysis, we identified an element in the str-1 regulatory sequences that is required to drive str-1Hgfp expression in the AWB neurons developmentally, as well as a distinct element required to interact with MEF-2. The MEF-2-interacting site is both necessary and sufficient to modulate expression levels, but does not itself dictate spatial expression patterns. Introduction of a single MEF-2-binding site into a KIN-29-independent CR gene regulatory sequence was sufficient to confer KIN-29-mediated regulation, although the relative position of the MEF-2 site is important. These results suggest that CR gene expression is directed by multiple regulatory modules, where a module consists of a cisregulatory site and the trans-acting factor(s) interacting with the site (Yuh and Davidson, 1996; Markstein et al, 2004) . Each of these modules may be regulated by different developmental or environmental conditions, thereby conferring appropriate regulation of CR gene expression. However, it remains possible that in some CR gene regulatory sequences, multiple signaling pathways converge onto a single module.
Physiological consequences of CR gene regulation by the KIN-29/MEF-2/HDA-4 pathway
In contrast to more complex nervous systems, the C. elegans nervous system is relatively shallow, consisting of only one or a few layers of interneurons between peripheral sensory neurons and motor neurons that drive locomotion (White et al, 1986) . We and others have previously suggested that perhaps to compensate for the relative simplicity of its nervous system structure, peripheral sensory neurons carry out complex functions in C. elegans, thereby contributing extensively to behavioral and developmental plasticity (Peckol et al, 2001; Lanjuin and Sengupta, 2002; Clark et al, 2006) . Thus, modulation of CR gene expression via integration of external and internal cues may provide a simple mechanism for C. elegans to rapidly alter its physiological responses to changing conditions.
We show that expression of kin-29, hda-4 and mef-2 in the chemosensory neurons is sufficient not only to rescue the CR gene expression defects, but also to rescue the body size and dauer developmental defects (Lanjuin and Sengupta, 2002; this work) . Correct acquisition and transduction of both external and internal sensory cues have been shown to be critical for the regulation of these physiological processes (Albert et al, 1981; Golden and Riddle, 1984; Kimura et al, 1997; Sze et al, 2000; Fujiwara et al, 2002; Lanjuin and Sengupta, 2002) . The SIK family of kinases mediates feedback-mediated regulation of gluconeogenic gene expression in response to fasting or feeding, and has also been implicated in the regulation of insulin signaling in adipocytes (Horike et al, 2003; Koo et al, 2005) . Moreover, the activity of AMPK in the hypothalamus in response to internal metabolic state regulates food intake and body weight (Minokoshi et al, 2004) . It is thus tempting to speculate that the KIN-29 pathway may also respond to internal metabolic state, so as to appropriately modulate sensory neuron gene expression. The subset of sensory genes regulated by KIN-29 may play particularly critical roles in recognizing and responding to biologically relevant chemicals, and in regulating sensory neuron function and food intake. We note that kin-29, mef-2 and hda-4 are also expressed in multiple additional neuronal and non-neuronal cell types (Dichoso et al, 2000; Choi et al, 2002; Lanjuin and Sengupta, 2002) , and are likely to act in other pathways. It will be interesting to determine whether SIKs also act via regulation of MEF2/HDAC protein functions to regulate gene expression in the nervous system of other organisms. Unlike SIK, KIN-29 may not be activated via phosphorylation by upstream kinases such as LKB1 (Lizcano et al, 2004) , as mutations in the predicted LKB1 target sites did not affect KIN-29 functions (A Lanjuin and P Sengupta, unpublished observations). Thus, we expect that these molecules regulate gene expression in response to external signals via a plethora of distinct mechanisms in different cell types in vivo, thereby allowing a conserved signaling module to be utilized in multiple contexts for different gene regulatory functions.
Materials and methods

Strains
Worms were grown as previously described (Brenner, 1974) . Double and triple mutant strains were constructed using standard methods and confirmed via PCR, sequencing or complementation tests.
Isolation, mapping and cloning of mef-2 and hda-4
A kin-29(oy39) mutant strain carrying integrated copies of str-1Hgfp (kyIs104) was mutagenized with EMS. mef-2(oy65), mef-2(oy63) and hda-4(oy59) were isolated as suppressors of the reduced str-1Hgfp expression phenotype of kin-29(oy39) mutants in a screen of B25 000 haploid genomes. hda-4(oy57) was isolated as a spontaneous suppressor of kin-29(oy38). Mutations were mapped using standard methods, and mutant phenotypes rescued by wildtype genomic sequences. The molecular identities of the mutations were determined by sequencing. Suppressor strains were outcrossed 2-4 times before characterization.
Expression constructs and generation of transgenic animals
PromoterHgfp constructs were generated by amplifying upstream genomic sequences, which were then cloned into the pPD95.77 expression vector (gift of A Fire) or fused to gfp-coding sequences by PCR (Hobert, 2002) . Site-directed mutageneses were carried out with the QuikChange site-directed mutagenesis kit (Stratagene) and confirmed by sequencing. For each promoterHgfp construct, expression from the same extrachromosomal array was examined in wild-type and kin-29 mutant animals. mef-2 and hda-4 cDNAs were kind gifts from J Ahnn. Details of constructs are available upon request. Transgenic animals were generated using the unc122HdsRed or pRF4 co-injection markers.
Detection of endogenous str-1 transcripts by RT-PCR
Total RNA isolated from mixed-stage populations of animals was reverse-transcribed using an oligo-d(T) primer. Primers specific for str-1-and odr-10-coding sequences were then used to amplify str-1 and odr-10 sequences, respectively, in the same amplification reaction. The amplified PCR products were electrophoresed and quantitated using Molecular Analyst (BioRad) software. Levels of odr-10 expression are not affected by mutations in kin-29 (Lanjuin and Sengupta, 2002) .
Identification of MEF-2-binding sites upstream of additional CR genes
Deletion and site-directed mutagenesis of str-1 and sra-6 upstream sequences identified a DNA motif highly similar to the mammalian consensus of MEF2 (CTA(A/T) 4 TA(G/A)) (Gossett et al, 1989; Pollock and Treisman, 1991; Wasserman and Fickett, 1998 ) that was both necessary and sufficient to confer MEF2-mediated gene regulation. We searched for MEF-2-binding sites in 1.5 kb upstream sequences of CRs containing the E-box motif (McCarroll et al, 2005) using a simple matrix-based motif detection program, Possum (http://zlab.bu.edu/~mfrith/possum/). The matrix used for the search was generated using the mammalian consensus MEF2 site and the MEF-2 sites experimentally identified in the str-1 and sra-6 promoters, together with the E-box motif. Score threshold was set at 5.
RNA interference of hda-4
RNAi was performed in the rrf-3(pk1426) background to enhance neuronal RNAi (Simmer et al, 2003) . L4 larval stage rrf-3; kin-29 double mutant animals carrying stably integrated str-1Hgfp transgenes were placed on an NGM agar plate containing 1 mM IPTG and seeded with bacterial food, producing dsRNA directed against the hda-4 gene. str-1Hgfp expression was quantitated after 24 h. The L4440 empty vector was used as a control.
Electrophoretic mobility shift assay
To obtain purified MEF-2 protein, a full-length mef-2 cDNA was cloned into pGEX4T-1 (a kind gift from J Ahnn) and expressed in JM109 Escherichia coli cells. The GST-MEF-2 fusion protein was purified on a glutathione-Sepharose column following manufacturer's recommended protocols (Amersham Biosciences). EMSA was performed by incubating 1-2 mg GST-MEF-2 fusion protein with biotin-labeled and/or unlabeled wild-type or mutant sequences. Samples were electrophoresed on a 6% native polyacrylamide gel and visualized by chemiluminescence (Pierce). Sequences used were the following: str-1 wild type: 5 0 -GATAGCTATTTTTGTGAT: str-1 mut A: 5 0 -GATAGCTGCGCTTGTGAT. Mutated bases are underlined.
Kinase assay
Worm lysates from a mixed-stage population of wild-type animals carrying a stably integrated functional gfp-tagged kin-29 transgene (oyIs41) were incubated with rabbit polyclonal anti-GFP antibody (Clontech) and immunoprecipitated with protein A Sepharose 4B beads (Zymed). Immune complexes were mixed with or without substrates and divided into two aliquots. One aliquot was analyzed by Western blotting using anti-GFP and anti-GST antibodies (Amersham). The second aliquot was analyzed for KIN-29 kinase
